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ABSTRACT

This report is a continuation of a study of the effects of internal
heat transfer on the temperature of hollow spacecraft and the require-
ments for thermal modeling. Considered herein is the effect of in-
ternal heat transfer by radiation on the temperature distribution. The
equation governing the heat transfer of a spherical shell exposed to
parallel radiation is derived; conduction and radiation are considered,
The general equation is simplified by assuming steady state, and a
numerical method is given to solve the steady state equation. A com-
puter program is described which employs the method. Solutions of
the steady state equation are graphically presented and discussed.

The requirements for temperature preservation in thermal modeling
are derived. The possibility of thermal modeling without temperature
preservation is discussed. It is observed that for an inside emissivity
to outside emissivity ratio greater than one, the requirement for dupli-
cation of the other dimensionless ratio can be relaxed.
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NOMENCLATURE
ak Conducting area
AP Projected area
AR Radiating area
a Radius of sphere
b Shell thickness
c Specific heat capacity
D Density
E Ratio of emissivities
F(x) Parallel radiation function
Fg_o Form factor from area at 8 to area at 8’
£(09) Parallel radiation function
Gg.g’ Form-surface factor from area at 6 to area at 6’
H{x) Step function to limit F(x)
h(6) Step function to limit £(9)
k Thermal conductivity
N, Dimensionless ratio
Ngr Dimensionless ratio
Ng Dimensionless ratio
Py Rate of heat transfer into sector by conduction
Po Rate of heat transfer out of sector by conduction
P3 Rate of heat transfer into sector from source
Py Rate of heat transfer out of sector by radiation
P5 Rate of heat transfer into sector by radiation
Pin Net rate of heat transfer into sector
ps(r) Parallel radiation function
Qg Area average of Pg
r Distance from axis of symmetry
T Temperature
Tm Arbitrary temperature
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Time

Arbitrary time

Volume

Cosine of 8

Step size

Dimensionless time
Dimensionless temperature
Lower bound of Z(-1)

Trial value of Z(-1)

Upper bound of Z(-1)

Inside absorptivity
Absorptivity of radiation from source
Inside emissivity

Outside emissivity

Angle from axis of symmetry

Inside reflectivity

Stefan-Boltzmann constant
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SECTION |
INTRODUCTION

This report is a continuation of a study of the effects of internal
heat transfer on the temperature of hollow spacecraft and the require-
ments for thermal modeling. Considered herein is the effect of inter-
nal radiative heat transfer on the temperature distribution,

In Ref. 1, the effect of internal convection on the temperature of
a spacecraft model of arbitrary shape, subjected to parallel radiation,
was considered, and the transient temperatures were calculated. With
the aid of numerical results, the conditions under which convection can
be neglected were determined. Also, thermal modeling rules were
derived for testing scale models. Thermal modeling is a valuable tech-
nique in ground testing of spacecraft. Several aspects of thermal model
testing in space simulation chambers are discussed in Ref. 2,

In this report, the geometry is restricted to a spherical shell, and
solutions are obtained for the steady state case. The spherical shell is
subjected to parallel radiation which is considered uniform for the cal-
culations presented herein; however, the equations derived and the
numerical method allow axially symmetric nonuniformities. These
somewhat arbitrary restrictions were imposed so that relatively simple
calculations resulted, which nevertheless bring out features of a more
general nature. By carrying out selected calculations of this type, it
is hoped that better insight can be obtained concerning the importance
of various parameters to thermal testing in space simulation chambers.

SECTION I
MATHEMATICAL ANALYSES

2.1 GENERAL EQUATIONS

The system to be considered is shown in Fig. 1 with vacuum inside
and outside of the sphere. It is assumed that the shell thickness, b,
is small enough to disallow any temperature gradient in the radial direc-
tion. It is also assumed that the inside of the sphere emits and reflects
diffusely. The parallel radiation, pg, is allowed to be a function of r.
This may be useful at a later time in investigating the effects of non-
uniformities of solar simulators.
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Fig. 1 Geometry and Nomenclature
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The general equation governing the system can be obtained by per-
forming a heat balance on the sector of the sphere between 6 and 9 + dé
and the equation

dpin = <D dV g—: (1)

The rate of heat transfer into the sector at 8 by conduction (Fig. 1)

is 3
y = —kAkd oT
' w 90
The rate of heat transfer out of the sector by conduction at 8 + dé is
k1 d
p: = ~kA®* = —
9+deo
o sk looT) k_a_ék i'.‘)do
= kA a d@ a df ad
6+dé
Thus the total rate of heat transfer into the sector by conduction is
(p, ~ py) = K |dA* 9T 4k 87|49
S T A (2)
Let q4 be the average over the projected area of the sphere of
Pg; then
qs = ”—la,f psir) 27 rdr
or .
qs = %f r ps(r) dr (3)
Now define the dimensionless functions
f6) = - ps a sin 6) (4)
and
1 0<8<
h(6) = (5)
0 ;— <8<

\

The rate of heat transfer into the sector from the parallel radiation
source is then

dps = ag pslr) dAP

or

dps asqs f(6) h(6) dAY (6)
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The rate of heat transfer emitted out of the sector is given by
dp, = (&5 = €) o T* dAR (7)
The rate of heat transfer into the sector from radiation inside the
sphere is given by

m R
dps = a-,f 60T (07dG g~.gdA g’

o (8)
where the integration is of the area at 6’.
The different areas are given by
Ak = 2nabsinf (9)
dAP = 7 a? d (sin? 6)
or
dAP - 27 a® sin 6 cos 8 4@ (10)
and
dAR = 27 & sin 0 d6 (11)
The volume is
dv = bdAR
or
dV = 2n a* b sin 0 d0 (12)
It is proved in Appendix I that
dG.g~g = 2‘; sin 6 d (13)

A substitution in Eq. (1) of dp; = (p; - pg) + dp3 - dpg + dps
results in

2nakaE:os 93—;‘ + sin 6 -g;—;l]do

2na’ag qg f(0) h(6) sin 6 cos 6 d6

-+

2na® (¢; + ¢) 0T sin 0.d6

+

"
aj 0 L sin 6 d9)2na? T*6*) sin 6°d0°
2ai

27a? b c D sin 8 d6 o1
dt
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Dividing by 7sinfd€ for 0<6<7 this becomes

2Lk [ll)i g 2t & '] + 2a% a, q,, £(0) h(6) cos 6

Jd8 96
,, (14)
- 2% (e, + €xlo I + a’eiaf 1(0°) sin 8°dg’°

[

= 2%beD g'
Define the dimensionless variables
7 = L
b=, (15)
and
y o= o (16)

where, for the present, T, and t,,, are, respectively, some arbitrary
temperature and some arbitrary time. Equation (14) is obtained in
dimensionless form by using Eqs. (15) and (16) and dividing through by
2bkTy,. The result is

az 02’[ a“ Qg qy
ot 0-= 4 & L [ 28 1@ h
c = (bk[ )() (e)COSG

- (Z577) (- 2)7 e p(Eegs) (e)f 246 sin 67d0°  (17)

This introduces three dimensionless quantities which will be defined

Nq nzas qs

% ThkT, (18)
. a’e, 0 Ty
Nr = — (19)
and
N, = a;jD (20)

These quantities may be used as a measure of the effects of an
external energy source, external radiation, and the heat capacity,
respectively, as compared with the heat transfer by conduction. Also
define

E-=-2 (21)
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In these terms, Eq. (17) becomes

2 v .
39," v col eg_g = N (9 h(B) cos B
A rr (22)
+ Np —zl::f 240 )Ysin8°d8” ~ (1L + k)Y 7¢
97
= N, &=
C a}'

This equation can be written in a different form by a change of
variable

x = cos 0
From the equation
07 _ 97 dx _ _ging 97
g odx df dx
is obtained
cot 6 a—g: -cos @ g—:-‘= -x a—x’
Also
EZ . 9 ( inglk
ox? a8 ox
= - cos 09Z 4 sin?g i
X axz
= = X al"i- (l—xz)ﬂ
x ox?
Defining
F(x) = f{cos™ x) (24)
and ,
\1 0<x <1
H{x) =< (25)
}0 -1 <x <0

Thus Eq. (22) becomes

a - x=)g’7§ - 2% %;"+ Ng Flx) H(x) x

]
+ NR [é]:f ZxVdx’ - (1 + E) /] (26)
-1

=Nc(‘%

Either Eq. (22) or Eq. (26) describes the temperature of the system
as a function of position and time. Given an initial temperature distribu-
tion, the numerical solution of these equations could be obtained.
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2.2 STEADY STATE EQUATIONS

If steady state condition is assumed, a simplification of Eqgs. (22)
and (26) can be made. Performing a heat balance on the whole sphere
at steady state gives

T
f €0 T* dAR = ma®agqs (27)
o

or
4
2na’eoaf T*sin 9 df = ma® as qg

from which is obtained

" 28
f'l" sin0dg = %s9s ( )
2, 0
or ¢
”
f Z*sin 6 df = s s (29)
A 2¢q0 Th

If T,, is defined as the temperature such that if the sphere was isother-
mal, it would radiate the same power; then

n
dra? ¢, o T3 =f €0 0 T* dAF
o
= 78’ ag qg

or

Tm = 4 ———as s (30)

4e,0

With this definition, Eq. (29) becomes

L

f Z* sin 6 d6

°

(31)

]
[V

Thus
1

J- Z'dx = 2 (32)
-1

Also, for steady state conditions a relation between Ng and NR can be

obtained. By Eq. (18)

2 3

- T
N. = 0 ag qg I';m
s b k T

a’a.qs T2

b K(as q")
4,0

4a’e, 0 Ty
bk
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or
Ne = 4Np (33)

Using these substitutions and noting that for steady state the right
hand side is zero and the partial derivatives become total derivatives,
Eq. (22) becomes

% + coL @ %04 + 4N“ £(6) h(@) cos @

+ N[;G)E(Z) - Npg{l + D)Z* =0

or
G ¢ o6 % s NafUOK@ cos 0+ — (1 + B2 - 0 (34)
Similarly Eq. (26) becomes
(- x) &F - 2x9Z. Ny {4%() Mx)x+ E - (1 + E)Z‘} -0 (35)

Along with the simplification in the equations is a complication in
the condition to be satisfied by the solution. Whereas the condition to
be satisfied by the solution of the transient equations was simply the
initial temperature distribution, the solution of Eq. (34) must satisfy
Eq. {31) and the solution for Eq. (35) must satisfy Eq. (32). This -
complication in side conditions is not peculiar to this particular sys-
tem but is a general circumstance when going from the transient equa-
tions to the steady state equations of most systems.

SECTION III
SOLUTION OF THE STEADY STATE EQUATIONS

3.1 NUMERICAL METHOD

This section describes the numerical method used to obtain numeri-
cal solutions to the steady state equations. A steady state solution could
be obtained by assuming an initial temperature distribution and obtaining
a numerical solution of the transient equations. However, a more effi-
cient method is to assume a starting value of the steady state equation,
obtain a solution, and iterate to find the solution which fits the side condi-
tion. This method is described below as applied to Eq. (35).
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Define

. _ 97
.S_ax (36)

™~

and Eq. (35) becomes
a - x’)%: - 2xS + Ny {ﬂ"(x)ll(x)x + E - (L + IV '/.‘} =0

Also define

RGx) = f 7 dx (37)
-1
From these equations, we easily obtain the system of equations
dl s
L= (38)
:—f = I_sz {QxS + Np [(1 + E)7Z* - 4F(x) Hx) x ~ E:'} (39)
47 _
rrial .(40)

A numerical solution of this system of equations could easily be obtained

if the values of R, S, and Z at x = -1 were known. However, instead the
following side conditions must be met. From Eq. (37)
R(-1) = 0 (41)

From Eq. {(32) is obtained
R(1) = 2 (42)

and from Eq. (35) is obtained the condition

S(-1) = 3 NR {(1 - E) [7.(-11]‘ _r} (43)

From the physical orientation, the coldest spot on the sphere is
at x = -1; thus, S(-1) is positive or zero and from Eq. (43) is obtained

Z(-1) > (1 : I-:)

Also with this assumption, from Eq. (32),

1

Z(-1) £ 1

If Z, and Z,, are lower and upper bounds of Z(-1) then by the above in-
equalities valid values are
. %
2y = ('l n l-_:)
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and
Z, =1

At the beginning of each iteration a value, Z,, is defined as
1
Zo = E(Zz +. Zu)

R(-1) = 0

and starting values

s = Ivp [0 - B 28 - E|

Z(-1) = 2,

are used. It is seen that the side conditions, Eqs, (41) and {43), are
satisfied. Iteration is continued until Eq. (42) is satisfied within a
given tolerance, AR. That is until

2 - AR < R(1) <2+ AR

Each iteration determines whether Z, is an upper or lower bound
for Z(-1). It is assumed that if Z, is too low, then the solution obtained
for Z(x) is below the correct solution and that if Z, is too high, then the
solution obtained is above the correct solution. (This assumption was
verified by numerical results.) If at any point in a solution

Z(x) < Zl

then it is known that Z, is a lower bound for Z(-1). Therefore Zy is set
equal to Z, and another iteration is begun. If at any point in a solution

R(x) > 2 + AR

then it is known that Z, is an upper bound, so Z, is set equal to Z, and
a new iteration is begun. If a solution proceeds to X = 1, then R(1) is
tested to see if '

R(1) < 2 - AR

If so, then Zjy is set equal to Z, and another iteration begun. If not,
then Eq. (42) is satisfied within the given tolerance and the desired
solution has been obtained,

A flow chart of this method is shown in Fig. 2.

10
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Read N, MAX, L

D)

IT = IT + 1

Z, = /2 (Z, + T) .
s(-1) = 1/2 N [(+E)Z " - El
Z(-1) = 2z,

I=0

Ax = 2/K

x= -1

R(-1) = 0

1/4

z, = [B/¢1 + B)]

zZ, =1

IQUIT = 2

IT = 0

I=14+1
Call STEP
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Z(x + Ax) = O

Zl -2
Zy= %,
zl X zv.)
IQUIT = 3 IQUIT = 1
1 3
5 IQUIT

Gr.lnt “Not within Tolergnce" ’

Go to
Start

|

( Print Solution )
1
3

Fig. 2 Flow Chart of Main Program

11

( Print "within Tolersnce" )
- _



AEDC-TR-67-254

3.2 COMPUTER PROGRAM

A computer program was written in FORTRAN II for the SDS 920
computer to solve the steady state equation employing the method
described above. The main program follows the flow chart shown in
Fig. 2. The subroutine STEP called by the main program is a stand-
ard subroutine used to solve differential equations. STEP calls an-
other subroutine FUN which evaluates Eqgs. (38), (39), and (40). These
are explained in detail below.

3.2.1 Main Program

The input to the program is N, MAX, and L defined below and
NR, E, and AR. N is the number of steps. Since the solution is
required for -1 < x"<'1, the step size is

Ax = 2/N

MAX contains a limit to the number of iterations. The fractional por-
tion of the SDS 920 floating point number is 39 binary digits. Since the
numerical method halves the interval containing Z(-1) each iteration,

the computer precision limits the method to 39 iterations, If L is 1,
then the solution is printed after every iteration. If L is 2, then only the
last solution is printed.

The flow chart for the main program is shown in Fig. 2, and the
listing is given in Appendix II.

3.2.2 Subroutine STEP

Subroutine STEP is a program of the Runge-Kutta one step method
of solving differential equations. This method is explained in Ref. 4.

Given a system of differential equations

t}; = fi(x, )'J! ,"ls---,}"“)si =1, 2,...,1‘1 (44)

and starting values
yilxo) = yb

A one step method is an algorithm which uses the differential equations
and the starting values to find an approximation to the solution at
x_ + AX

o]

o + Ax) =y

12
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These values can be used as new starting values to find an approxima-
tion to the solution at x, + 2Ax or in general, after p steps
),!(xp) = ‘i’
where
Xp = Xo + pAx

The smaller the step-size, Ax, is the better the approximation be-
comes, The accuracy is limited only by the round off error which
depends on the precision of the computer,

Subroutine STEP is called by the statement
CALL STEP (N, X, Y, DX)

where Y is dimensioned Y{25). N contains the number of equations and
DX the step size. Suppose p steps have been taken. Then, when STEP
is called, X contains Xp and Y contains y%), withi=1, 2, ... n. On

return, X contains xp4) and Y contains y%)i—l' withi=2, ... n. STEP
calls on a subroutine FUN to evaluate Eq. (44).

The listing of STEP is given in Appendix II.
3.2.3 Subroutine FUN

In the present case, subroutine FUN was written to evaluate Egs.
(38), (39), and (40) which correspond to Eq. (44) for this problem. It
is seen that Eq. (39) is singular at x = 1. To avoid this difficulty
if x<-1+0,1 Ax, then it is assumed that

1_x’=1—x’,

where x; = -1+0.1Ax, Ifx>1 - 0. 1Ax, then the above approximation
is again used only this time x; =1 - 0. 1Ax.

The flow chart of FUN is shown in Fig. 3, and the listing is given
in Appendix II.

SECTION 1Y
RESULTS AND DISCUSSION

The computer program described above was used to obtain solu-
tions of Eq. (35) for various values of Np and E.  The convergence

13
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—
dx

a __1 %2xs+ Ny [(1+ E) 2% - 4F()H(x)x - g]}
dx 1l - xlz . ]

dZ

Las

dx

Return

Fig. 3 Flow Chart of FUN

14
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of the iterations is illustrated in Fig, 4. Figures 3, 6, and 7 are

the graphs of solutions with Ny = 1, 2, and 3, respectively, for
various values of E. The solution with NR infinite can be obtained
from Eq. (35), where for this case, z% is a linear function of x. This
linearity is shown in Fig. 8, and the Z versus x relationship is shown
in Fig. 9. The case, Ng = 0, can arise only from infinite conductivity
since it is assumed that b << a, This means the sphere would be iso-
thermal giving the solution, Z(x) = 1, independent of E. It is interest-
ing to note that at x = 0. 25, the dimensionless temperature Z is very
close to one in all cases. The solutions show that when E > 1, the
temperature distribution changes relatively slow as NRr is changed.
That is, the temperature distribution is determined largely by internal
radiation. For E <1, N has a greater influence on the solutions,
implying that conduction also is an important factor in determining the
temperature distribution.

If N and E are the same for two different systems, then the same
equation describes both systems; thus, the temperature distribution of
one system can be inferred from the measured temperature distribution
of the other system. This is the basis for thermal modeling. The ob-
servations made above, on the behavior of the solutions of Eq. (35),
imply that for E 2 1 the tolerance of duplication of NR in thermal model-
ing can be relaxed, but when E < 1 the requirement for duplication of
Ng becomes more stringent.

In thermal modeling it may be desired to preserve temperature,
since the thermal properties may be a function of temperature, For
this case, in addition to preserving Ny and E, one must preserve T
which is given by Eq. (30). Thus, from Egs. (19), (21), and (30),
after cancelling constants and Ty,, are obtained the requirements

() - (&), )
(:;)m i (_), (46)
() - &) . @7

where the subscripts m and P refer to model and prototype. If further-
more, materials and surface properties are preserved, then Eqgs. (46)
and (47) are automatically fulfilled and from Eq. (45) the well-known

scaling requirement
(2 - @), o

is obtained.

15
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There is, at least theoretically, a possibility of modeling without
temperature preservation. The preservation of Ni requires that

(Im),.. _ (:;:,)m' (49)
()

But by Eq. (30)

(2), (), 50

(e (5

Thus, from Egs. (49) and (50) is obtained the requirement

1 1,
‘3 EA

bk
. ("2 )m @s gs fol/')m (51)

bk 1
( 2) { 4
4 P A5 q5 €o )p

The preservation of E requires that

(‘i)m _ (GO)m (52)

€)p €)p
Given a prototype, after a suitable choice of dimensions and selection
of material for the model, the left-hand side of Eq. (51) is determined.
The choice of surface finish on the model will determine (a’s)m and
(€0)m. It is then possible to adjust (qg)y, to fulfill Eq. (51). Then
(ei)m is determined by Eq. (52). Once the temperature distribution of
the model is measured, the temperature of the prototype can be calcu-
lated by Eq. (15).

(1) (T)
P _ m (53)

since Z is preserved by design. Equation (30) is used to calculate T,,.

SECTION V
SUMMARY

The equation governing the heat transfer of a spherical shell sub-
jected to parallel radiation was derived, conduction and radiation being

22
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considered., A numerical method was developed to solve the steady state
equation, and a computer program was described which employed the
method., Solutions of the steady state equation were graphically presented.

The requirements for temperature preservation in thermal model-
ing were derived. The possibility of thermal modeling without tempera-
ture preservation was discussed, It was observed that for an inside
emissivity to outside emissivity ratio greater than one, the require-
ment for duplication of the other dimensionless ratio can be relaxed.
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APPENDIX |
DERIVATION OF FORM-SURFACE FACTOR

The fact that flux leaving any part of the interior of a sphere diffusely
spreads uniformly over the interior of the sphere implies that the form
factor from the area at 8 to the area at 6’

dAl
FG—G' ol
Also, the form factor from the sphere to the area at 8’ is
R
. _ dA g~
FS—G T 4mal

Consider flux leaving the area at 0. Fg_g- of this flux reaches 6’
directly. The flux from any reflection leaves the sphere uniformly so
Fg_g- of the reflected flux reaches 6’

Of the flux leaving 6, the flux eventually striking 6’ is, by adding

Go-6’ = Fo-9’ + piFs g’ + piFsp” +. . . .

R
= —dAet
ma® (1 - py)

or from Eq. (11) this becomes

sin §°d8°

Go-6" = =

This is the fraction of the flux leaving the area at 6 which eventually
strikes the area at 6’ and is called the form-surface factor,
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APPENDIX Il

FORTRAN LISTING OF COMPUTER PROGRAM

28

- 1 C 5027 RADIATING SPHERE D.C. TODD 1=12=67
L] 2 DIMENSION X[1001.211001,ZF[300[aR[{100[2SI1001,0S1400).Y{31.DUM"
- k] COMMON D,EL,DX,ZFQ0,DS50

SOS Tl S oy 1 — - :
= S C INPUT AND INITIATE
= 6 _C
= 7 1 ACCEPT TAPE 1001,N.MAXsL
L] 8 IFINI2s2.3
- 9 2 PRINT 1004
- 10 S¥OP
= 11 3 ACCEPT TAPE 1002,D,E,T
L1 12 DX=2 /N
= 13 Xid)m=yy
= 14 RELJ)=0Q, e L2 e Son L N L
- 15 Iymy,

= 16 ZLS[E/[144E)[w0e 25
= 17 QU] T=2
0 18 LH=CRE . b
L] BN NC
= 20 C START OF 1TERATION
- 21 C

= 22 C3 B COLOS s T B 7 - o =
a 23 20= Se [ ZU+ZL 1

Al S 24, Stl1]m.5¢De([1,4E]*200%4f ] o
= 25 Zil[=2Q
- 26 ys=1,
L] 27 Vil)s=0,
= 28 vi2isSiil Fadm Gl i « Wil ¢ il
L] 29 vidi=ZQ

Eee ST & 30° 5 CALL FUNIUsV,DUM) P ™ e e I W
L 31 ZF{1])=ZF0
g 32 DS(1)=DSO
L] 33 C FIND SOLUTION

mesils & i DO ST IimligNL — & - &5 il i AL L
L] 35 CALL STEP|[J,U,V,DX]
- 36 xblellsy . ¥ e 1B | |
- 37 IARESRL AN
- 38 ZFi1+1)=2F0 -
a 36 RElel)m=vil])
| . 40 Sile+1lavi2) g RN Tk s, 7

] 4} DS{[+§[=DS0
- a2  IF{VI3)e2L150,50,60 e | - | | ¥ | 4.2
L] 43 60 C=2,.=vill
- 44 [FIT+C158.51,5
- 45 5 CONTINUE
= QOGN L s h -
] 47 C TEST ¥%0 SEE [F THIS [S LAST [TERATION
= 48R0 | & . | r (i 4 . =1
L] 49 [F{T=C)50,6,6
- 50 6 [QU]IT=J 1 Bily
= 51 686 10 10
= 52 50 ZL=z0 _ _ W & §_ S PN L ) i
= 53 GO TO0 52
- 54 53 ZV=20
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i TN S5 52 2t1+2)1=0 Tl S 4
= 56 7 IFiMAX=1T)8,8,9
= 527 8 1QUIT=1 R 119 e
= S8 Go 70 10
= S9. 9 GO TO{10,4]eL e
= 60 C :
S = 61 _C SIART OUTPUT F E i cota |
= 62 C
= 63 10 PRINT 1000 L
= 64 PRINT 100S
= 65  PRINT 1003,D,EsDXeTaZl.2V =) P £
= 66 PRINT 1006,17
Sl = ELowmb7 GO TO(l1,11,121210QUIT  _ = o ECL
= 68 14§ PRINT 1008
= 69 GO T6 13 -
= 70 12 PRINT §007
= 71 13 PRINT 1008 ial o 4
= 72 PRINT $003sIX(1)sI=1,N¢1)
= 73 _ PRINT 1040 L o e e Ol L
L] 74 PRINT 1003,1Z(1),1I=1,Ne¢1])
= 75 PRINT 1011
= 76 PRINT 1003,1ZF(1),1=1,Net])
S Wh e [ 70/ SERINTENOI NN 3 S W | IR S
= 78 PRINT 1003,IR(11s1=1,Ne1)
A cwml LRTe PRENTSNOIIT S - = A S e e, S B .
= a0 PRINT 1003,IS(1)al=1,Net)
= a1 PRINT 1014 == 5
= a2 PRINT $003,[DS(1)al=1sNet]
= 83  Go Tolisd,ilelQUiY o=t T S oFee
= ad 1000 FORMAT(S1D:C. TODD S0278])
= 8s 1001 FORMAT[4012) Pl e Py g e
= 86 1002 FORMAT(6EL12,.0)
= a7 1003 FORMAT(iP10EL12,.4]) o = I
= a8 1004 FORMAT(1HL]
= 89 1005 FORMAT([ JHO4X2HNRIOXIHEL I X2HDXIOXIHTEEX2HZLLOX2HZU/ )
= 90 1006 FORMAT(SOITERATIONS [3])
= 91 1007 FORMATISOWNITHIN TOLERANCES) _ o -
= 92 1008 FORMAT(SONOT WITHIN TOLERANCES])
= 93 1009 FORMAT(SOXS/]
= o4 1010 FORMAT[$028/)
= 95 1011 FORMATISOFOURTH POWERS/) = SR LT e s
= 96 1012 FORMAT]ISOINTEGRAL OF FOURTH POWERS/)
- 97 1013 FORMAT(SOFIRST DERIVATIVES/)
= 98 1014 FORMAT]SOSECOND DERIVATIVES/])
SGOMMBRIALLOCATIEND
77776 D 77774 E 77772 Dx 77770 2ZFO0
77766 DSO
PROGRAM ALLOCATION
00004 x 00314 2 00624 2 Gi134 R
_Dl444 S 01754 DS 02264 Vv = Q2272 bum
02300 N 02304 MAX 02302 L G2303 IQUIT
Q2304 IV = 02305 ] = 02306 Y 02310 zuv S e
. 023j2 2L = 02314 20 02316 VU__ 02320 C "
SUBpRgGRAMS REQUIRED
FUs STEP Jei=2-
THE_END 4 H

29



AEDC-TR-67-254

= 1 C ONE S¥EP BY RUNGE-KUTTA D.C., TODD j-12-67
= 2 SWBROUTINE STEPIN.X,YsDX])
= 3 DIMENSION Y)25(,D(25(.Y0(25).F (251
= 4 CALL FUN(XsYsD)
= 5 D6 1 )=i,N
= 6 YOU))=vi1t(
- 7 Fil)=C)))
Mm - 4 8 1 Yi))=y0())+.5«DxD(])
= 9 X=X+ ,Se[X
= 10 CALL FUNI(XsY,D)
= 11 DO 2 )=i,N
= 12 Fili=F(])1¢2,«D())
= 13 2 Yi))=Y0E))¢.SeDXeD())
2 e R CALL FUN(XsYaD}
= 15 D8 3 1=1.N
= 16 FEl)=F(]1+42.,+D())
= 17 3 Yt))=Y0l))eDXxeD())
= 18 X®K+¢SeDX
= 19 CALL FUNIXsY,D)
=20 DO 4 I=],N
= 21 Ft))=,166666666667«)1F))(+D(((]
= 22 4 YI))1=YO())+DXx=F())
= 23 RETURN
= 24 END

PROGRAM ALLOCATION

DUMMY ¥ 00017 D 00101 YO 00163 F
00245 ) DUMMY N 00246 STEP CUMMY X
DUMMY DX

SUBPROGRAMS REQUIRED b1
FUN

THE END
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C DERIVATIVES FOR THE RADIATING EQUATIONS D.C, TODD 1=12-67
SYBROUTINE FUN[X,Y,V1

DEIMENSION Y{3),VI3}
COMMON D,EsDXsZF»DS

X$==1,4¢1eDX
JFIX3=X)1,3,3

1IF({X12.,2,4
Xé¢=X

N e

H=0,
Go 16 6

4 H=i,
Xé®],.=43%DX

5 Xi=X

6 ZF=Y[J3)wund
Vil]l=ZF

DS=[2.0XwY[2)oDul [}, +EJwZF=d oFIX])aHaX=E)])/l.=X1X1]
vi2)=Ds

Vidl=Y[2}

1
2
3
4
5
6
7
8
9
10
11
12
13 IFIX1=X16,6.5
14
15
16
17
18
19
20 RETURN

21 END

COMMBN ALLOCATION

77776 D 77774 E 77772 DX 77770 ZF

77766 DS

PROGRAM ALLOCATIGON

DUMMY Y DUMMY V 00007 FUN 00011 X1
DUMMY X 00013 H

SUBPROGRAMS REQUIRED

F
THE END
= 5 FUNCTION F{X}
= 2 Fel.
- h] RETURN
- 4 END

PROGRAM ALLOCATION

00002 F
TME END
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